The solid solution Eu(Ga1−xAlx)4 was grown in single crystal form to reveal a rich variety of crystallographic, magnetic, and electronic properties that differ from the isostructural end compounds EuGa4 and EuAl4, despite the similar covalent radii and electronic configurations of Ga and Al. Here we report the onset of magnetic spin reorientation and metamagnetic transitions for x = 0 − 1 evidenced by magnetization and temperature-dependent specific heat measurements. TN changes non-monotonously with x, and it reaches a maximum around 20 K for x = 0.50, where the a lattice parameter also shows an extreme (minimum) value. Anomalies in the temperature-dependent resistivity consistent with charge density wave behavior exist for x = 0.50 and 1 only. Density functional theory calculations show increased polarization between the Ga−Al covalent bonds in the x = 0.50 structure compared to the end compounds, such that crystallographic order and chemical pressure are proposed as the causes of the charge density wave behavior.
I. INTRODUCTION
The interplay of structural, magnetic, and electronic properties of rare earth based intermetallics often results in emergent phenomena and competing ground states, such as unconventional superconductivity, heavy fermion behavior, intermediate valence, and quantum criticality. Particularly, pressure, magnetic field, or chemical doping in Ce and Yb compounds in their magnetic or nonmagnetic sublattices has been extensively used to tune the balance between their versatile ground states.
2-4 Comparatively less work has been done to explore the effects of pressure or doping in Eu-based intermetallics, even though Eu presents similar opportunities to tune the ground state through valence fluctuations between magnetic Eu 2+ and nonmagnetic Eu 3+ ions. 5 In this study, we explored the effects of isovalent doping in the Eu(Ga 1−x Al x ) 4 series, motivated by the wide range of apparently conflicting results observed when tuning the properties of the end compounds EuGa 4 and EuAl 4 .
Previous studies on single crystals of the stoichiometric compounds EuGa 4 and EuAl 4 revealed that the two show similar magnetic behavior, with antiferromagnetic (AFM) ordering and very similar Neél temperatures T N = 15 K and 15.4 K, respectively. [6] [7] [8] The compounds are isostructural, forming in a tetragonal crystal structure consisting of two distinct transition metal sites, forming a covalently-bound anionic framework with divalent body-centered cations. The structural and magnetic similarities between these two compounds may be easily understood considering the chemical similarities of Ga and Al: they are isovalent, with very close covalent radii of 1.22Å and 1.21Å, respectively. 9 However, drastic differences have also been noted with either doping or applied pressure, which cannot be readily explained. While no evidence for mass renormalization has been reported in EuAl 4 , electrical resistivity measurements have suggested heavy fermion behavior in EuGa 4 . 7, 8 At ambient pressure, a plausible charge density wave (CDW) was reported in the former compound below T * = 140 K, and increasing pressure suppressed T * to zero for p = 2.5 GPa. However, in the latter compound, a plausible CDW is observed only under applied pressure, with T * = 105 K for p = 0.75 GPa, which subsequently increased to 160 K for p = 2.15 GPa. Doping EuM 4 (M = Ga or Al) on either the magnetic (Eu) or nonmagnetic (M ) sublattice has also shown notable changes in the magnetic, electronic, and crystallographic properties. When Eu is substituted by Yb in (Eu 0.5 Yb 0.5 )Ga 4 , T N is suppressed to 13 K.
10 By comparison, doping EuGa 4 in the nonmagnetic sublattice has shown that the AFM order is suppressed down to T N = 9.6 K and 6.3 K in polycrystalline Eu(Ga 1−x A x ) 4 (A,x) = (Mg,0.14) or (Li,0.18), respectively.
11 In contrast, EuAl 4 doped with Si resulted in ferromagnetic (FM) order below T C =17 K in Eu(Al 0.75 Si 0.25 ) 4 .
12
The versatile interplay between spin, charge, and orbital degrees of freedom in EuM 4 motivates the current systematic study of the solid solution between the Ga and Al end compounds in the series Eu(Ga 1−x Al x ) 4 with x = 0 to 1. Such a substitution should minimize the chemical effects brought about by doping, since replacing Ga with arXiv:1804.02076v1 [cond-mat.str-el] 5 Apr 2018 isoelectronic and similarly-sized Al does not change the electron count or the volume of the unit cell (and hence the chemical pressure). Thermodynamic and transport measurements on Eu(Ga 1−x Al x ) 4 single crystals reveal strong correlations between the structural, magnetic, and electronic properties. The compounds remain tetragonal with space group I4/mmm at room temperature for the whole doping range, with Ga and Al preferentially occupying one or the other of the two transition metal element sites. Remarkably, for x = 0.50, the two transition metals fully separate into two sublattices and form an ordered structure EuGa 2 Al 2 with a minimum unit cell volume in the series. This, in turn, favors the occurrence of a plausible CDW state at ambient pressure at T * = 51 K, while T N is maximum in this composition at ∼ 20 K. These results should be contrasted with those from isoelectronic doping (Ca 2+ or Sr 2+ ) or hole doping (La 3+ ) 13 in EuGa 4 on the magnetic sublattice, where in some cases structural distortions preclude the occurrence of a CDW transition down to 2 K.
II. EXPERIMENTAL METHODS
Single crystals of Eu(Ga 1−x Al x ) 4 were grown using a self-flux technique. Elemental metals were assembled in alumina crucibles with a 1:9 ratio of Eu:Ga/Al. In a typical growth, the metals were melted and homogenized at 900
• C and cooled to 700 • C at 3 • C/hour in an inert argon atmosphere. Single crystals were separated from the flux using centrifugation through an alumina strainer placed between the crucibles. Powder x-ray diffraction was performed at ambient and low temperatures on a Bruker D8 Advance equipped with a Bruker MTC-LOWTEMP sample stage using Cu Kα radiation. Rietveld refinements were done using the FullProf program suite.
14 Single crystal x-ray diffraction was performed on a Bruker Apex II diffractometer or a Rigaku SCX Mini diffractometer using Mo Kα radiation. Integration of raw frame data was done with Bruker Apex II software or CrystalClear 2.0. Refinement of the diffraction data was performed using XPREP and ShelXTL software packages.
Electron microprobe analysis (EMPA) was performed using a Cameca SX-100 electron probe microanalyzer with a wavelength-dispersive spectrometer. An accelerating potential of 15 kV and a beam current of 20 nA in a 1 µm fixed beam were used to collect elemental intensities from 15 representative points on a polished surface of each crystal. The composition of each crystal was determined using the averages and standard deviations of the elemental intensities of Eu, Ga, and Al. The elemental intensities of Eu and Ga were determined from a standard sample of EuGa 4 , and the elemental intensity of Al was similarly determined from a standard sample of Al 2 O 3 . Chemical formulas for each crystal were calculated assuming 5 atoms per formula unit and full occupancy of the Ga/Al site. The compositions obtained from EMPA and single crystal XRD free variable refinement were used to determine the doping fractions reported throughout this work with an error of ±3% in the composition.
Single energy images, elemental maps, and Eu M 5,4 -edge x-ray absorption spectra (XAS) were acquired using the scanning transmission x-ray microscope instrument at the spectromicroscopy beamline 10ID-1 at the Canadian Light Source according to data acquisition methodology described previously. 15, 16 Samples were prepared by grinding crystals of the analyte into a fine powder with a mortar and pestle and brushing the powder onto carbon support films (3-4 nm carbon, Electron Microscopy Sciences) with a fiber, which arranged a large number of micron-sized particles in a compact area suitable for Eu M 5,4 -edge XAS.
DC magnetic susceptibility measurements were performed on a Quantum Design Magnetic Properties Measurement System. Heat capacity measurements were performed using adiabatic thermal relaxation technique on a Quantum Design Physical Properties Measurement System (PPMS). Temperature-dependent ac resistivity measurements were performed on a Quantum Design PPMS using the current i = 2 mA and f = 462.02 Hz for a duration of 7 seconds with i||ab.
III. RESULTS

A. Crystallography
Single crystals of Eu(Ga 1−x Al x ) 4 with dimensions of approximately 3 x 2 x 1 mm 3 were grown with x = 0, 0.18, 0.33, 0.50, 0.68, and 1. Powder x-ray diffraction indicates that all crystals in this series crystallize in the tetragonal I4/mmm space group at 300 K. A typical Rietveld analysis is shown for x = 0.50 in Fig. 1 , indicating no significant flux inclusions or impurity phases. Temperature-dependent powder x-ray diffraction measurements (Appendix Fig. S1 ) on EuAl 4 at T = 300 K and 93 K confirm that the tetragonal crystal structure is preserved down to low temperatures with no structural phase transition, as was reported in some isostructural BaAl 4 -type structures. 17 Single crystal x-ray refinements confirm the I4/mmm space group in all compounds reported herein and indicate full occupancy of all lattice sites. In EuGa 4 and EuAl 4 , the Ga and Al atoms occupy two inequivalent crystallographic sites corresponding to the 4d site, M (1), at (0, 1 2 , 1 4 ) and the 4e site, M (2), at (0, 0, z). Upon substituting Ga for Al, a clear site preference is shown: Al fully occupies the 4d site before occupying the 4e site. Diffraction data for single crystal x-ray refinements can be found in the Appendix in Table  S1 .
B. Physical Properties
Eu M 5,4 -edge x-ray spectromicroscopy was used to probe electronic structure and bonding in selected sam-ples of Eu(Ga 1−x Al x ) 4 with x = 0, 0.18, 0.50, and 1. In general, each of the Eu M 5 -and M 4 -edges exhibits characteristic multiplet splitting patterns with fine structure that closely resembles expectations from earlier Eu M 5,4 -edge studies of divalent Eu compounds. 18, 19 Preliminary calculations in the atomic limit for Eu 2+ that described transitions from 3d 10 4f 7 to 3d 10 4f 8 states also reproduced the salient features of the experimental spectra, including the high energy shoulders observed at approximately 1132.5 eV as shown in Appendix Fig S2. Hence, the Eu M 5,4 -edge spectra support a ground state Eu 2+ valence formulation for each Eu(Ga 1−x Al x ) 4 compound, and no evidence for mixed valence character was detected.
Previous reports showed AFM order in EuGa 4 and EuAl 4 at T N = 15 K and 15.4 K, respectively, and the appearance of spin reorientation transitions in EuAl 4 .
6,8
However, in the doped series Eu(Ga 1−x Al x ) 4 it appears that, as Al replaces Ga(1) at the 4d site, multiple spin reorientation transitions occur, while T N changes nonmonotonously with x. Magnetic susceptibility measurements with H ab and H c are shown in Fig. 2 (a) and 2(b). As many as three magnetic transitions occur down to 1.8 K in x = 0.50 and x = 1. The magnetic transition temperatures were determined from magnetization derivatives d(M T )/dT and C p (T ) data. 20 Even though the end compounds order at virtually identical T N values, it appears that the ordering temperature is significantly enhanced at intermediate compositions, and is maximum at T N = 19.0 K near the ordered structure at x = 0.50 (purple, Fig. 2) . A summary of the magnetic transition temperatures for these compounds is given in Appendix  Table S2 . 
22
No crystal electric field (CEF) effects are expected for Eu 2+ ions, and this is indeed consistent with identical H ab and H c high temperature curves, with the x = 0.50 data shown in Fig. 2c as an example. However, in the ordered state, slight differences in (M − M 0 )/H are registered in the moment orientation relative to the applied field below 50 K, as shown in Fig. 2a-b . This is even better evidenced by the anisotropic M (H) isotherms measured at T = 1.8 K (Fig. 3a-b) . The magnetization saturation for all measured compounds, except x = 0, is 7 µ B /Eu 2+ , as expected for the J = 7/2 Hund's rule ground state multiplet. EuGa 4 (black squares, Fig.  3a -b) appears to approach saturation slightly above the 7 T maximum field for these measurements. As Al replaces Ga across the Eu(Ga 1−x Al x ) 4 series, metamagnetic (MM) transitions are observed for x = 0.33, 0.50, 0.68, and 1 with crystallographic anisotropy. Figure 3c shows an example of how the MM critical fields were determined from the peaks in dM/dH. As expected, the number of MM transitions at low T (Fig. 3 , T = 1.8 K) coincides with the number of transitions in the low H magnetic susceptibility (Fig. 2) .
Specific heat measurements (Fig. 4) confirmed the presence of multiple magnetic transitions in these compounds, with the transition temperatures consistent with those derived from temperature-dependent magnetization measurements. Nakamura et al. argued for heavy fermion behavior in EuGa 4 based on a Fermi liquid relation between the measured quadratic resistivity coefficient A and the calculated electronic specific heat coefficient γ with a modest mass renormalization from γ = 138 mJ/mol K 2 . 8 However, our low temperature C P /T data show no evidence for strong mass renormalization in any of the Eu(Ga 1−x Al x ) 4 compounds (x = 0 − 1), as shown in the inset of Fig. 4 .
No Kondo correlations are present in the H = 0 electrical resistivity of Eu(Ga 1−x Al x ) 4 (Fig. 5) . For all x values, the high temperature resistivity decreases with T , until loss of spin disorder scattering at T N is marked by an abrupt drop. The residual resistivity ratios RRR = ρ(300K)/ρ 0 (listed in Appendix Table S2 ) with ρ 0 = ρ(2K) are an order of magnitude larger for the end compounds (x = 0 and 1) compared to the doped samples. Remarkably, we observed a sharp resistivity increase occurring for x = 0.50 and 1 around 51 and 140 K, respectively. In the latter compound, Nakamura et al. 8 associated the resistivity increase at 140 K with a CDW-like transition. Notably, such a transition appears in Eu(Ga 1−x Al x ) 4 only for x = 0.50, where (i) x-ray diffraction indicates an ordered structure, with Ga and Al fully occupying the two separate sublattices to form EuGa 2 Al 2 , and (ii) resistivity measurements reveal the lowest residual resistivity ρ 0 and an enhanced RRR value compared to all other doped (disordered) samples. 
FIG. 4:
Specific heat measurements confirm multiple magnetic transitions and a first-order phase transition in EuAl4.The inset shows no evidence of mass renormalization in this system from CP /T vs. T 2 .
IV. DISCUSSIONS AND CONCLUSIONS
Given the chemical similarities between Ga and Al (isoelectronic, similar covalent radii of 1.22Å and 1.21Å, respectively 9 ), no substantive differences in crystallographic or physical properties are expected between the isostructural EuGa 4 and EuAl 4 compounds. However, as Al replaces Ga in Eu(Ga 1−x Al x ) 4 , the magnetic, electronic, and structural properties change nonmonotonously: (i) As shown in Fig. 6a , a maximum T N occurs in x = 0.50. This is the result of the minimum Eu−Eu ion spacing in this composition as evi- denced by the non-linear change in the a lattice parameter and unit cell volume (squares and diamonds, respectively, Fig. 6b ), which are minimum for x = 0.50, while c (triangles) increases linearly from x = 0 to 1. The ground state across the series is AFM (Fig. 2) , even though the spin correlations appear FM (θ W > 0, θ W ∼ T N ). In the absence of frustration or CEF effect, magnetic order is likely a result of strong next-nearestneighbor interactions (with exchange coupling J 2 > 0), in addition to the nearest neighbor Rudermann-KittelKasuya-Yosida coupling (exchange coupling J 1 < 0), such that J 2 > |J 1 | 21 . This is consistent with the proposed magnetic structure of EuGa 4 , where intra-plane Eu magnetic moments are thought to couple ferromagnetically, while inter-plane Eu magnetic moments couple antiferromagnetically. 22 (ii) The observation of a possible CDW transition in Eu(Ga 1−x Al x ) 4 with x = 0.50 and 1 may stem directly from the ordered structure, considering the evidence for full site separation for Ga and Al in the x = 0.50 compound. This, however, does not explain the lack of a CDW in the x = 0 (also ordered) analogue, even though applied pressure appeared to induce such a transition.
7 Additional qualitative differences exist even in the pressure-dependence of the plausible CDW transition in EuGa 4 and EuAl 4 . According to the change in lattice parameters shown in Fig. 6b , it seems that Al substituting for Ga acts as positive pressure, resulting in the occurrence of a CDW at x = 0.50 in Eu(Ga 1−x Al x ) 4 , similar to the behavior in EuGa 4 under applied pressure. (iii) Most notable of the non-monotonous trends in this series is the minimum in the in-plane lattice parameter a at x = 0.50 compared to the linear increase in c across the entire series (Fig. 6b) . In order to explain this nonlinear structural trend, density functional theory (DFT) calculations with the local density approximation (LDA) were carried out in the linear muffin tin orbital tight binding atomic spheres approximation (LMTO-TB-ASA) to probe the bonding character between Al and Ga in the doped compounds.
DFT calculations were performed for x = 0, 0.50, and 1. To avoid complications arising from the unpaired f electrons of Eu 2+ , Sr 2+ was substituted as an analog in the calculations. In order to ensure that the non-linear changes in a were associated solely with the Ga−Al bonds and not the Eu atoms, single crystals of SrGa 4 , SrGa 2 Al 2 , and SrAl 4 were grown from self-flux, and their lattice parameters were measured from powder x-ray diffraction (shown in Appendix Fig. S3 ). Trends in lattice parameters similar to those in the Eu analogues were observed, with a minimized in SrGa 2 Al 2 and c increasing linearly from SrGa 4 to SrAl 4 . As expected given the isoelectronic nature of the series, all three band structures are qualitatively very similar (Appendix Fig. S4 ). However, analysis of the electron distribution extracted from the integrated density of states (DOS) up to E F reveals substantive differences between the end compounds and the x = 0.50 composition: there is charge transfer from the M (1) to the M (2) site as the composition approaches x = 0.50 from both end compounds, such that the M (1) [M (2)] electron density is minimum [maximum] for x = 0.50 (see Appendix Table S3 ). This maximum charge transfer manifests when the two M sites are preferentially occupied by M (1) = Al and M (2) = Ga, implying an enhanced polarization of the M (1) − M (2) covalent bond at x = 0.50 compared to both x = 0 and 1. Despite the similar trends toward less polarization in the Al-rich and Ga-rich compounds, the increased polarization from x = 0 to x = 0.50 prevents bond length expansion (as M (1) is replaced by Al but M (2) remains occupied by Ga), but then polarization is reduced again from x = 0.50 to x = 1 (as M (2) is also replaced by Al), resulting in a greater increase in bond lengths.
This unexpected deviation from Vegard's law 23 can be further explained by examining the trends in the M (1) − M (2) and M (2) − M (2) bond lengths and the M (1) − M (2) − M (1) bond angle, where M = Al or Ga. As shown in Fig. 6c , as Al occupies the M (1) site up to x = 0.50, the bond distance between M (1) and Ga(2) remains relatively unchanged. However, the bond angle M (1)−Ga(2) − M (1) in the Ga-centered tetrahedron decreases linearly up to x = 0.50. These crystallographic trends acting together expand the c lattice parameter while simultaneously contracting the a lattice parameter to a minimum. As Al substitutes Ga in the M (2) site up to x = 1, a different trend emerges. Here we observe that the tetrahedral bond angle remains constant while the bond lengths between Al(1)−M (2) and M (2)−M (2) increase, thus leading to both lattice parameters a and c increasing. These behaviors are likely caused by the greater electronegativity of Ga, which renders the GaGa bonds more polarized.
In summary, we have observed that although Ga and Al are very similar in their valence and size, substituting Al for Ga in the doped system Eu(Ga 1−x Al x ) 4 produces striking and unexpected magnetic, electronic, and structural transitions. Substituting Ga with Al up to x = 0.50 decreases a to a minimum and appears to increase the ferromagnetic interactions in the system, resulting in higher T N and multiple magnetic transitions. Additionally, temperature-dependent ρ(T ) measurements show pronounced changes in electronic transport as manifested by CDW formation in Eu(Ga 1−x Al x ) 4 for x = 0.50 and 1. The CDW behavior is markedly different between EuAl 4 and EuGa 4 , and chemical and hydrostatic pressure can be used as tools to elucidate the factors contributing to the CDW formation in this series. Future studies will aim to distinguish between the effects of doping in the magnetic versus the nonmagnetic sublattice in EuGa 4 and to explore the effects of hole-doping, positive chemical pressure, and disorder on the magnetic and electronic properties of EuGa 4 . S3: Analysis of the electron distribution extracted from the integrated density of states up to EF provides insight into the polarization of the Ga−Al bonds. In contrast to both end members, in SrAl2Ga2 there is increased charge transfer to the M (2) site. This charge transfer only manifests when M (1) = Al and M (2) = Ga, implying an enhanced polarization in the M (1)−M (2) covalent bonds in SrAl2Ga2. 
